Background--Mild transverse aortic arch (TAA) hypoplasia is common after coarctation treatment, but is considered benign in the absence of an arm-leg systolic blood pressure (SBP) difference. Hypertension (HTN) is a common long-term morbidity after successful coarctation treatment. We examined whether mild TAA hypoplasia after coarctation treatment is associated with late systemic HTN.
S
ystemic hypertension (HTN) is an important long-term morbidity after treatment of coarctation of the aorta, occurring in nearly 30% patients. 1 HTN contributes to the relatively high cardiovascular (CV) morbidity (including a high incidence of coronary artery disease and stroke) and mortality in these patients. 2, 3 The high prevalence of HTN has been attributed to various factors, including residual arch obstruction, abnormal aortic arch shape, and abnormal vascular properties of the aorta and systemic vasculature. [4] [5] [6] Initial treatment of coarctation is usually focused on relieving obstruction at the aortic isthmus. Mild hypoplasia of the transverse aortic arch (TAA) is common in coarctation of the aorta, but unless severe, it is usually not addressed at the initial repair. During follow-up, mild TAA hypoplasia is considered benign in the absence of a significant arm-leg systolic blood pressure (SBP) difference. We hypothesized that mild residual TAA hypoplasia after coarctation treatment is not benign and examined whether it is associated with HTN.
Methods Subjects
A retrospective review of existing clinical databases at Boston Children's Hospital (Boston, MA) was used to identify subjects for this study who met the following inclusion criteria: (1) undergone treatment of coarctation of the aorta; (2) residual arm-leg SBP difference <20 mm Hg; and (3) cardiac magnetic resonance (CMR) study between January 2005 and July 2014. Those subjects with significant associated congenital heart disease (aside from an atrial or ventricular septal defect), midthoracic or abdominal coarctation, >mild atrioventricular or semilunar valve regurgitation, or aberrant subclavian artery origin were excluded. Demographic, clinical, and surgical data were abstracted from medical records. The Department of Cardiology Scientific Review Committee and the Boston Children's Hospital Committee on Clinical Investigation approved this study and waived the requirement for informed consent.
Blood Pressure Data
All available blood pressure (BP) recordings postrepair were abstracted from the patient's medical record. Following standard practice at our institution, right arm BP was recorded while seated using commercial oscillometric BP devices and size-appropriate cuffs. Four-extremity BP was recorded in the supine position. Arm-leg BP difference was calculated as the difference between the SBP in the right arm and the leg with the higher SBP. 
CMR
CMR was performed using a commercially available wholebody 1.5 T scanner (Achieva; Philips Healthcare, Best, the Netherlands). In the case of multiple CMR studies, the most recent one was analyzed. In young patients who could not cooperate with the examination (generally <8 years age), imaging was performed under general anesthesia. Steadystate free precession cine imaging in the ventricular short-axis plane was performed using the following imaging parameters: echo time 1.5 to 2 ms; repetition time 2.8 to 4.0 ms; flip angle 45 degrees; turbo factor 10 to 20; and 30 reconstructed images per cardiac cycle. Ventricular short-axis images were analyzed using commercial software (QMass; Medis, Leiden, the Netherlands) to calculate left ventricular (LV) mass which was adjusted to body surface area (BSA), calculated using Haycock's formula. 9 After placement of a peripheral intravenous cannula, 0.15 to 0.2 mmol/kg of gadopentate dimeglumine (Magnevist; Berlex, Seattle, WA) was injected at a rate of 2 mL/s. Magnetic resonance angiography (MRA) image acquisition was initiated using bolus tracker to optimize visualization of the aorta. Contrast-enhanced 3-dimensional (3D) MRA of the chest without electrocardiographic gating was performed using a commercial T1-weighted fast gradient echo sequence, as previously described. 10 
CMR Image Analysis
Images were analyzed by a single observer (A.P.) using a commercial computer workstation (Extended Workstation; Philips Healthcare). Aortic arch measurements were performed in cross-sectional multiplanar reformatted images from the ungated gadolinium 3D MRA using the thinnest possible slice and adjusting the image contrast and brightness such that the chest wall was just visible and lung tissue remained dark ( Figure 1 ). 11 Standard anatomic landmarks were used to define segments of the aortic arch. Cross-sectional area (CSA) of the TAA was measured by direct planimetry at the narrowest segment of the TAA (narrowest among proximal and distal TAA segments) and adjusted to BSA. Two orthogonal diameters each of the proximal and distal TAA, isthmus, and thoracic descending aorta (DAO) were also measured. The DAO was measured at the level of the left atrium, avoiding the dilated segment just distal to the isthmus. The smallest TAA and isthmus diameters measured at the narrowest segment were used for analysis. In addition to the TAA CSA/BSA, the ratio of the minimum TAA diameter and the DAO diameter (TAA/ DAO) was calculated as another indicator of TAA hypoplasia. Similarly, the ratio of the minimum isthmus diameter and the DAO diameter (isthmus/DAO) was calculated. In patients treated with a stent, susceptibility artifact precluded isthmus measurement on CMR. In these subjects (n=16), the minimum stent diameter measured on most recent X-ray angiography was recorded in lieu of isthmus diameter (mean time difference, 1.8AE1.4 years between CMR and X-ray angiography).
Exercise Stress Test
Exercise test data were included if performed within 1 year of CMR imaging and if the patient achieved maximal aerobic capacity (respiratory exchange ratio, >1.09). Testing was performed using a standard Bruce treadmill or bicycle ergometer protocol, as previously described. 12 Following institutional practice, antihypertensive medications were continued on the day of testing. BP in the right arm and a leg were measured using a commercial oscillometric BP recorder in the supine position at baseline and immediately after peak exercise in early recovery. Baseline and peak armleg SBP differences and the increase in right arm BP with peak exercise were recorded.
Statistical Analysis
Systemic HTN, as previously defined, was evaluated as the primary outcome variable. TAA CSA/BSA and isthmus/DAO diameter ratios were the primary independent variables. Increase in right arm SBP with exercise and LV mass/BSA on CMR were evaluated as secondary outcomes. Associations between outcome and predictor variables were examined using multivariable logistic or linear regression with forward selection. Variables demonstrating univariate associations with P value <0.2 qualified for inclusion into the final multivariable models. For multivariable analyses, statistical significance was evaluated with respect to a type 1 error probability threshold of 0.05. Statistical analysis was performed using commercially available software (Stata version 13.0; StataCorp LP, College Station, TX).
Results

Subjects
A database search yielded 92 patients who met inclusion and exclusion criteria. Characteristics of these subjects are summarized in Table 1 . The cohort consisted of predominantly children and young adults who were evaluated at a median time interval of 13.5 years after their initial coarctation procedure. A second procedure for recurrent or residual coarctation had been performed in 37% patients. During follow-up, 41% of the patients satisfied standard adult or pediatric criteria for HTN on at least 2 outpatient visits (median, 3 visits; range, 2 to 6) and were classified as the "hypertensive" group. Of the 38 patients in the hypertensive group, 87% were receiving antihypertensive medication for a median duration of 4 years (range, 1 to 33). Antihypertensive treatment consisted of a single medication in 22 patients (58%), 2 medications in 9 (24%), 3 medications in 2 (5%), and lifestyle modification without medication in 5 (13%). No patient was receiving medication for prevention or treatment of aortopathy alone in the absence of HTN. Among the patients receiving antihypertensive medication (n=33), 4 (12%) satisfied criteria for HTN on most recent evaluation and 2 of these 4 were not fully compliant with their medication. Among the 54 "normotensive" patients, 9 (17%) had received antihypertensive medication temporarily in the past (all during the first year after initial repair for treatment of postprocedure HTN). Patients in the hypertensive and normotensive groups were similar with respect to age at CMR, age at repair, resting armleg BP difference before repair, type of initial repair, need for a second arch procedure, and the presence of a ventricular septal defect or bicommissural aortic valve. Both TAA/DAO and isthmus/DAO diameter ratios were <1 in 75% of subjects. 
TAA Size and HTN
Results of uni-and multivariable analysis are shown in Table 2 . Several measures of TAA and isthmus size were associated with systemic HTN. Among these, the TAA CSA/ BSA had the lowest P value and was carried forward into the multivariable model. On multivariable analysis, patients with lower TAA CSA/BSA, older age at evaluation, and higher armleg SBP gradient at peak exercise were more likely to have systemic HTN. The model fit was good (C-statistic=0.802) and a TAA CSA/BSA <100 cm 2 /m 2 predicted systemic HTN with 60% sensitivity and 68% specificity. The following factors were not associated with systemic HTN in the final model: age or type of repair; gender; second coarctation procedure; and arm-leg SBP gradient at rest. In a separate analysis, we divided all patients into 3 equalsized groups (tertiles) based on their TAA CSA/BSA and found that prevalence of systemic HTN was inversely related to TAA CSA/BSA (P=0.01; Figure 2 ).
TAA Hypoplasia and SBP Response to Exercise
Exercise testing results were available and satisfactory for analysis in 61 of the 92 patients. At peak exercise, the mean increase in right arm SBP was 51AE27 mm Hg. Uni-and multivariable predictors of SBP response to exercise are shown in Table 3 . In a multivariable linear model (r 2 =0.36), larger increase in right arm SBP was associated with lower TAA/DAO diameter ratio ( Figure 3 ) and with higher arm-leg SBP difference at peak exercise. SBP increase with exercise was not associated with current age, gender, age or type of repair, second arch procedure, TAA CSA/BSA, isthmus/DAO diameter ratio, and resting arm-leg SBP gradient. Right arm All data presented as median (range) or frequency (%). Patients were classified into "hypertensive" group if they satisfied standard pediatric or adult criteria for hypertension on at least 2 separate occasions. BSA indicates body-surface area; CMR, cardiac magnetic resonance study; CSA, cross-sectional area; DAO, descending aorta; DBP, diastolic blood pressure; LV, left ventricle; SBP, systolic blood pressure; TAA, transverse aortic arch.
HTN during exercise (>220 mm Hg) was noted in 10 of 57 patients (18%; Table 1 ) and was more common in the hypertensive group (32% vs. 9%; P=0.02). In multivariable analysis, factors independently associated with right arm HTN during exercise included lower TAA/DAO diameter ratio (P=0.02) and higher LV mass/BSA (P=0.02). The arm-leg SBP difference during peak exercise was larger in the hypertensive group (median, 47 mm Hg), compared to the normotensive group (median, 29 mm Hg; P=0.04).
TAA Hypoplasia and Arm-Leg SBP Difference
No patient had an arm-leg SBP gradient >20 mm Hg at rest owing to our inclusion criteria. TAA/DAO and isthmus/DAO diameter ratios as well as TAA CSA/BSA were not significantly associated with arm-leg SBP difference at rest (P>0.1 for all comparisons). During exercise, the arm-leg SBP difference was higher, compared to the measurement at rest, in both hypertensive and normotensive groups (P<0.001 in both groups). There was a weak trend toward a higher arm-leg SBP difference during exercise with lower TAA CSA/BSA (r=À0.21; P=0.14).
LV Mass
Uni-and multivariable predictors of BSA-adjusted LV mass are shown in Table 4 . In a multivariable linear model (r 2 =0.37),
higher BSA-adjusted LV mass was associated with male gender (P<0.0001) and greater increase in right arm SBP at peak exercise (P=0.02; Figure 4 ). LV mass was not associated with baseline SBP z-score, classification into the "hypertensive group," TAA CSA/BSA, TAA/DAO and isthmus/DAO diameter ratios, and resting arm-leg SBP gradient. We also evaluated for predictors of LV mass-to-volume ratio and found that it was independently associated with older age at initial repair (coefficient, 0.004; P=0.001). LV mass-to-volume ratio was not associated with classification into the hypertensive group, TAA CSA/BSA, TAA/DAO and isthmus/DAO diameter ratios, or with resting arm-leg SBP gradient.
Discussion
In this study of children and young adults late after coarctation repair without a significant resting arm-leg SBP difference, systemic HTN was common. Patients with smaller TAA were more likely to have systemic HTN, despite the lack of a significant resting arm-leg SBP difference. Patients with a smaller TAA also demonstrated a greater increase in right arm SBP during exercise. Mild hypoplasia of the TAA late after coarctation repair in the absence of a significant arm-leg SBP gradient is generally considered a benign finding. Our results suggest that persistent TAA hypoplasia, even in the absence of a significant arm-leg SBP difference, may not be benign and may be a factor contributing to the high prevalence of late systemic HTN.
TAA Hypoplasia and HTN
The high prevalence of systemic HTN late after successful coarctation repair is well documented. [1] [2] [3] This has been attributed to multiple factors, including residual arch obstruction, abnormal aortic arch shape, and abnormal vascular properties. [4] [5] [6] However, the role of residual abnormalities of the TAA remains controversial. Ou et al. suggested that abnormal arch shape and increased aortic stiffness, but not arch size, were associated with late HTN. 4 In contrast, in a more recent study, Ntsinjana et al. found that BP response to exercise had no relationship to arch shape, but was instead related to TAA hypoplasia. 13 However, another recent study A B Figure 3 . Factors associated with blood pressure response to exercise. Greater increase in right arm SBP was associated with lower TAA/ DAO diameter ratio (A) and greater arm-leg SBP difference at peak exercise (B). DAO indicates descending aorta; SBP, systolic blood pressure; TAA, transverse aortic arch. approach. There is some evidence that TAA augmentation at initial operation is associated with a lower risk of late HTN, 15 but the relation between TAA size and HTN at long-term followup has not been directly studied previously. Our results provide evidence that mild persistent hypoplasia of the TAA is associated with higher prevalence of HTN, despite the absence of a significant arm-leg SBP difference at rest. A persistently small TAA in our study cohort was associated with systemic HTN and with a more-exaggerated SBP response to exercise. A more-exaggerated SBP response to exercise has been associated with an increased risk of developing clinical HTN and LV hypertrophy (LVH).
12,16 TAA hypoplasia can be addressed at the initial repair by performing a more-extensive surgical reconstruction. However, the risks and benefits of this more-extensive repair and its impact on the growth rate of the TAA in the long-term remain unknown and warrant further investigation.
Arm-Leg SBP Difference
Arm-leg SBP difference is commonly used to assess the clinical severity of residual arch obstruction after coarctation repair. In our study, arm-leg SBP different at rest was not associated with the degree of TAA or isthmus hypoplasia, systemic HTN, SBP response to exercise, or BSA-adjusted LV mass. This suggests that contrary to conventional clinical practice, in patients with mild residual arch hypoplasia, arm-leg SBP difference at rest is not a good indicator of the risk for developing HTN or LVH. It is possible that the additive variance of multiple BP measurements makes this an insensitive test for evaluating mild degrees of arch obstruction. On the other hand, higher arm-leg SBP difference at exercise was associated with systemic HTN and with more-exaggerated SBP response to exercise and this measurement may provide additional prognostic information. 
LV Hypertrophy
LVH is a known late complication of systemic HTN and is associated with increased CV morbidity and mortality. 17, 18 Coarctation patients are at risk for increased LV mass and mass-to-volume ratio, which have been correlated with sustained HTN, exaggerated BP response to exercise and increased central aortic stiffness. 12, 19, 20 In our cohort, the only factors independently associated with higher LV mass and/or mass-tovolume ratio were older age at repair, male gender, and an exaggerated SBP response to exercise. Although TAA hypoplasia was associated with higher SBP response to exercise, it was not independently associated with either parameter of LVH. This is expected because a majority of patients in the "hypertensive group" had good BP control with medication and this mitigated the development of LVH. Furthermore, as previously shown in patients with idiopathic HTN, LVH occurs only in a subset of patients with HTN. [21] [22] [23] Several limitations of this single-center retrospective analysis are worth considering. Because of the retrospective nature of this study, ambulatory BP monitoring (ABPM) was not performed in a majority of patients and it is likely that some reclassification in the HTN/no HTN groups would occur if ABPM, which is considered more reliable in diagnosing HTN, was performed. Nevertheless, the prevalence of systemic HTN in our cohort was similar to that reported in studies that utilized ABPM monitoring. 5 Referral bias is another known limitation of retrospective study design. Finally, although we show an association between TAA hypoplasia and late HTN, our retrospective study design does not allow assessment of causality.
In conclusion, persistent mild TAA hypoplasia after coarctation treatment, even without a resting arm-leg BP difference, is associated with systemic HTN. Further studies are warranted to determine whether TAA hypoplasia has a causative role in the development of HTN and whether more-extensive reconstruction at initial repair will decrease the incidence of late HTN.
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